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Introduction
Most vertebrates die within minutes when deprived of oxygen (anoxia). This intolerance to anoxia is, at least in part, due to cardiac failure caused by the inability of anaerobic metabolism to match ATP supply to demand, leading to a decline in cardiac energy state (11) . Nonetheless, while it seems obvious that perturbation of cardiac energetics contributes to the failure of an oxygen-starved heart, the exact mechanisms underlying the decline in cardiac contractile function during oxygen deprivation remain equivocal despite decades of research (1, 81 are equally ambiguous.
These contradictory conclusions have all arisen from studies using Langendorff preparations or in situ heart preparations with various mammalian species. Because cardiac energy status and performance decline precipitously within seconds to minutes in oxygen-deprived mammalian hearts, the discrepancies among studies could easily arise from the experimental difficulty associated with their short-term nature. Accordingly, to compensate for the limitations of modern measurement techniques, complex computational models have recently been developed to explain the relationship between cardiac high-energy phosphate metabolism and performance (e.g., 6, 12, 81, 84) . This theoretical approach, nevertheless, only provides hypotheses and predictions for future experimental testing (81) .
An alternative tactic is to take advantage of a comparative approach and study species that have evolved to tolerate prolonged anoxia. The anoxia-tolerant freshwater turtles (genera Chrysemys, Chyledra and Trachemys) present an interesting animal model in this context for a number of reasons. Foremost, these reptiles are eminently amenable for long-term correlation studies of cardiac cellular energy state and function because they can survive anoxia for up to 24 h at high temperatures (20-25ºC) and several months at low temperatures (3-5ºC) (73) . Thus, the anoxic turtle heart continues to beat and generate work, albeit at a reduced level (see below), for hours to months depending on ambient temperature. This much longer time course of anoxia opens up new possibilities to correlate cardiac function and energy state.
Secondly, turtles are well-suited for non-invasive in vivo nuclear magnetic resonance (NMR) experiments because their anoxic cardiac performance at both warm and cold temperatures is well documented and consistent among studies (28, 29, 30, 31, 67, 69) . Briefly, a progressive, profound anoxic bradycardia reduces systemic cardiac output (Q sys ) and power output (PO sys ) by 4.5-to 20-fold to a new "steady-state" within 1 h and ~3 days of anoxia at warm and cold temperature, respectively. Thus, anoxic turtle heart rate (f H ), Q sys and PO sys are closely coordinated (29, 31, 67, 69) (Fig. S1 ).
Consequently, measures of turtle f H and Q sys , which can be obtained with established in vivo MR imaging (MRI) techniques, can be regarded as suitable proxies for other measures of cardiac performance such as force development, contractility and work output that cannot be measured non-invasively by MR.
Finally, a dichotomy in autonomic cardiovascular control between warm-and cold-acclimated turtles (30, 67) renders anoxic turtles unique for an in vivo examination of a temporal relation between intrinsic cardiac performance and high-energy phosphate metabolism. At high temperatures, autonomic control of the heart is retained during anoxia exposure, and cholinergic cardiac inhibition contributes to ~36-48% of the anoxic bradycardia (30, 31). In contrast, autonomic cardiac control is severely blunted at low temperature and does not contribute to the cardiac downregulation (30). Moreover, at both high and low temperatures, other mechanisms such as α-adrenergic (69) and adenosinergic (67) inhibition are not involved in the unaccounted cardiac inhibitory mechanisms. Instead, modifications intrinsic to the heart have been implicated to contribute to the cardiac downregulation (66) . Intrinsic cardiac modifications could arise easily from alteration of cardiac high-energy phosphate concentrations and, consequently, cellular energetic status. Therefore, the roles of cardiac metabolism and autonomic control in anoxic cardiac depression can be separated in vivo with investigations at both warm and cold temperatures.
High-energy phosphate metabolism of the anoxic turtle heart has been investigated previously by 31 P-NMR measurements on isolated, working in vitro heart preparations exposed to anoxia, acidosis or combined anoxia and acidosis at warm temperature (37, 76, 79) and on tissues terminally sampled from 3ºC turtles after 12 weeks of anoxia exposure (38). Results from the in vitro studies argue against any direct causal relationship between cardiac function and high-energy phosphate compounds (ATP, PCr and P i ) during anoxia or acidosis exposure, but revealed that anoxia and acidosis act synergistically to depress cardiac function. However, in vitro studies depend greatly on the relevance of the in vitro extracellular conditions and cardiac performance to those in vivo. Therefore, the isolated heart preparations that were electrically paced (37) and performing at sub-physiological levels (76, 79) may not create similar energetic conditions as in vivo. The terminal sampling revealed a ~40% decrease of cardiac ATP and PCr, a fall of intracellular pH (pH i ) of 0.2 units, and unchanged P i levels (38).
However, with terminal sampling, the rapidity with which tissues can be sampled from a hard-shelled animal is always a concern and the temporal changes are undetermined.
Lacking, therefore, is a clear understanding of the temporal changes in cardiac energy state that occur in vivo in warm and especially in cold turtles during anoxia.
In the present study, we provide the first continuous measurements of in vivo cardiac energetic state of an anoxia-tolerant vertebrate during prolonged anoxia. We utilized in vivo 31 P-NMR spectroscopy for direct and repeated measurements of cardiac high-energy phosphates and pH i of unanaesthetized turtles (Trachemys scripta) during prolonged anoxia at 21ºC and 5ºC. In addition, by using flow-weighted magnetic resonance imaging (MRI) techniques to monitor f H as well as aortic and pulmonary blood flows, we could establish a time course for changes in cardiac activity that could be directly compared to the changes in high-energy phosphates, pH i and energetic state of the heart.
Materials and Methods
Experimental animals and ethical approval
Fourteen red-eared slider turtles (Trachemys scripta, Gray) with body masses ranging between 546 and 748 g (630 ± 76 g, mean ± S.D) were obtained from Lemberger Inc.
(Oshkosh, WI, USA). The seven turtles studied at 21°C were held at room temperature and a 12 h:12 h L:D photoperiod for several weeks in aquaria with free access to basking platforms and water. They were fed several times a week with commercial turtle food pellets, but food was withheld for four days before experimentation. The other seven turtles were acclimated and studied at 5°C. These turtles had been kept in aquaria within a temperature-controlled room (5°C) for 5 weeks before experimentation and had been fasted during the entire acclimation period. All experimental procedures were carried out at the Alfred-Wegener-Institute (AWI) for Marine and Polar Research in accordance with German legislation.
Experimental protocol
24 h before the in vivo MR measurements, turtles were placed individually in an enclosed, water-containing plastic chamber with access to air, and restrained by two
Velcro straps glued to the bottom of the chamber to prevent large body movements and associated motion artefacts. The turtles could freely move the appendages and the head.
MR measurements were carried out first under normoxic conditions and then at regular intervals during a prolonged anoxia exposure, so each animal could serve as its own control. For MR measurements during normoxia, the temperature within the magnet was set to the acclimation temperature of the animal and the chamber containing the turtle 
Data analysis and statistics
Concentrations of ATP, phosphocreatine (PCr) and P i were expressed as a percentage of the total 31 P-NMR signal (i.e., the sum of the 7 major peaks: phosphomonoester (PME), P i , phosphodiester (PDE), PCr, γ-ATP, α-ATP and β-ATP; see Fig. 1 ) to control for: 1)
possible differences in 31 P-NMR signal intensities that can occur from slight movement of the animal; and 2) minor differences in the position of the turtle in the magnet prior to and following commencement of anoxia as well as between measurement days. This approach assumes that no major phosphate export from turtle cardiac muscle occurs with anoxia exposure. Although no previous study has reported on the effect of anoxia on all phosphate compounds in the turtle heart, data from Jackson et al (38) show that the sum of P i . PCr, β-ATP, PDE and PME does not change in anoxic 20ºC-acclimated turtle hearts, but is reduced slightly (~13%) in anoxic 3ºC-acclimated hearts. Similarly, our approach was validated by observing no statistically significant changes in total 31 P signal during anoxia at 21ºC, and a small, but insignificant 13% decrease with anoxia exposure at 5ºC (Fig. S3 ). Relative metabolite concentrations were transformed to µmol g -1 quantities by setting the mean 21°C control normoxic β-ATP value to 2.9 µmol g -1 wet
weight (38) and using this value as a conversion factor to calculate the other metabolite concentrations for both warm and cold turtles. pH i was calculated from the chemical shift of P i relative to PCr using previously published formulas describing the relationship between pH and chemical shift difference for warm (76) and cold (38) turtles.
The free energy of ATP hydrolysis (dG/dξ) was estimated from pH i and β-ATP,
PCr and P i concentrations as described earlier (58) and is expressed as kJ mol , free ADP (ADP f ) and free AMP (AMP f ) were calculated on the basis of the apparent equilibrium constants of creatine kinase and adenylate kinase, which were corrected for experimental temperature and pH (48).
Cytostolic [Mg
2+
] was assumed to be 1 mM under all experimental conditions as β-ATP peak position was found not to vary significantly between acclimation temperatures or with anoxia exposure at 5ºC or 21ºC (data not shown). Creatine content (Cr) was estimated as the difference between the total Cr content in the turtle heart and 31 P-NMR measured PCr content. For 21ºC turtles, total Cr is 8.14 μM g -1 (53) . Since no previous study has reported total Cr content of 5ºC turtle hearts and since PCr concentration of 5ºC hearts (8.4 ± 0.5 µmol g -1 ; Table 1 ) was greater than 8.14 µM g -1 , total creatine content was estimated to be 9.95 µmol g -1 at 5ºC using the same ratio of Cr:PCr as for 21ºC. noise. In some instances, especially with prolonged anoxia at 5ºC when f H is less than 1 min -1 , pulmonary ROI mean signal intensity was less than the noise ROI mean signal intensity. Consequently, modest, negative values of pulmonary flow could be obtained (see Fig. 3A ). However, since our MR imaging-determined changes in aortic and pulmonary flow closely match previous invasive measurements (see Results), we interpreted the negative values as a complete cessation of pulmonary blood flow.
Statistically significant changes in measured or calculated parameters between acclimation temperatures were determined using t-tests. Statistically significant changes in measured or calculated parameters over time with prolonged anoxia exposure were determined using a one-way repeated measures analysis of variance. Where appropriate, multiple comparisons were performed using Student-Newman-Keuls tests and in all instances, significance was accepted when P<0.05. All results are expressed as means ± S.E.M.
Results
Normoxia: Phosphorous metabolites, pH i and dG/dξ
Our in vivo 31 P-NMR spectroscopy distinguished the resonance peaks previously reported for isolated perfused turtle hearts at warm temperature (38, 76, 77)( Fig. 1) . Further, our measurements of cardiac high-energy phosphate content in normoxia at 5ºC and 21ºC
were similar to previous 31 P-NMR studies of isolated perfused hearts or cardiac strips from Chrysemys picta bellii (37, 38, 75, 76, 77, 79) as well traditional biochemical measurements (24, 53).
We found a temperature dependence of cardiac high-energy phosphate metabolism (Table 1) . Cardiac PCr, PME, PDE, ADP f , and AMP f content at 5ºC were 1.4x, 2.7x, 2.6x, 3x and 70x greater, respectively, than at 21ºC. Similarly, normoxic pH i , was 0.16 units greater at 5ºC. In contrast, estimated dG/dξ values revealed that 5.8 kJ mol -1 less energy was available from the hydrolysis of ATP at 5ºC. Likewise, cardiac ATP content was 48% lower at 5°C than at 21°C. (Fig. 5A) . A new steady state in f H was reached after 0.42 h, after which there were no significant changes for the remainder of the ~3 h experiment.
Prolonged anoxia: phosphorous metabolite, pH i and dG/dξ changes
Prolonged anoxia affected the myocardial phosphorous metabolite content, pH i and dG/dξ. At 5ºC, the temporal change in PCr, P i , ATP, pH i and dG/dξ was clearly asymptotic (Fig. 4B , C, D, G and H), suggesting that, following an initial disrupted state upon the onset of anoxia, a new steady-state was established within ~3 h to 3 days (depending on the variable) of the 11 day anoxic exposure. Likewise, at 21ºC, the changes in PCr, P i , pH i and dG/dξ over the ~3 h of anoxia also appeared to be asymptotic (Fig. 5B , C, G, and H), suggesting a new energetic steady-state was approached within 0.9 to 1.7 h at this higher temperature. Indeed, one 21ºC turtle, which was exposed to 6 h of anoxia, had clearly reached plateaus for PCr, P i , pH i and dG/dξ by ~1.7 h of anoxia
After 11 days of anoxia at 5ºC, PCr was reduced by 62%, total P i was increased by 2.1-fold, effective P i 2-was nearly doubled, ATP was decreased by 53%, pH i was reduced by 0.54 units and dG/dξ was decreased by 6.4 kJ mol -1 (Tables 1 and 2 ). The respective 1.8-and 1.5-fold increases in ADP f and AMP f did not reach statistical significance ( Fig. 4E and F ; Table 1 ). PME increased by 1.3-fold during anoxia, but PDE content did not change (Table 1) .
After 2.85 h of anoxia at 21ºC, PCr was reduced by 69%, total P i was increased by 2.4-fold, effective P i 2-was doubled, pH i was reduced by 0.39 units and dG/dξ was decreased by 7.1 kJ mol -1 (Tables 1 and 2 ). The minor (17%) decrease in ATP was not statistically significant ( Fig. 5D ; Tables 1 and 2 ), but ADP f and AMP f increased significantly by 1.7-and 4.9-fold, respectively ( Fig. 5E and F ; Table 1 ). Similar to 5ºC turtles, PME increased by 1.6-fold during the ~3 h anoxia exposure, but no change occurred in PDE content (Table 1) .
To compare the changes in myocardial high-energy phosphate metabolism and energetic state at 5 and 21ºC (Table 2) , we assumed that the metabolic processes obey a Q 10 of 2, so that the temperature difference of 16ºC corresponds to a 3. (Fig. 6 ). It should be noted that unlike for aortic blood flow ( Fig. 6D-F , pH i or dG/dξ (Fig. 7 ).
Discussion
Our primary objective was to address whether decreased cardiac performance during oxygen deprivation correlates to disruptions in cardiac energy metabolism. This important basic, clinical and pathophysiological question has been extremely difficult to study in mammals because both cardiac metabolism and power output dissipates rapidly when oxygen is unavailable. We circumvented this quandary by combining in vivo 31 P-NMR spectroscopy and MRI to simultaneously measure cardiac energetics and performance during prolonged anoxia with anoxia-tolerant turtles. The turtle lent itself for this study because cardiac metabolism and power output decline slowly and reach new steady states during anoxia, allowing for an excellent time resolution of biochemical and functional parameters. Moreover, the absence of autonomic cardiac control in 5ºC
turtles, but its presence in 21ºC turtles (30, 67) enabled the roles of cardiac metabolism and autonomic control in anoxic cardiac depression to be separated in vivo. We conclude that a causal relationship exists between anoxic cardiac cellular energy status and cardiac performance when autonomic control was absent at 5ºC, but not in the presence of autonomic cardiac control at 21ºC.
Critique of methods
The conclusions drawn regarding the relationship between turtle cardiac energetic components and cardiac performance are based on the assumption that MRI measurements of f H and aortic blood flow (i.e.,Q sys ) faithfully reflect cardiac work output.
We are confident of this approach because numerous previous in vivo studies have shown anoxic turtle PO sys to be closely coordinated to Q sys and f H (29, 31, 67, 69) (Fig. S1 ) and our MRI techniques provided reliable f H and aortic blood flow measurements.
Specifically, our reported stable anoxic f H of ~1 min -1 at 5ºC and 10 min -1 at 21ºC and the depression of aortic blood flow by 80-90% at 5ºC and ~50% at 21ºC are very similar to previous measurements with implanted blood flow probes (29, 30, 31, 67, 69) (Figs. 3 -5 ). Indeed, at both acclimation temperatures, the relationship between cardiac energetic components and cardiac performance was very similar independent of whether f H or aortic blood flow was examined, albeit for a notable distinction during the initial 1.7 h of the 11 day anoxia exposure at 5ºC (Figs. 6 and 7) . Considering the fact that f H and Q sys are not necessarily regulated by the same cellular mechanisms, we feel the overall consistency and redundancy in our findings adds credence to the notion that changes in cardiac energetic components likely play an important role in mediating the overall depression in cardiac performance in cold, anoxic turtles.
Correlation of turtle cardiac energetic components and cardiac performance
The present study strongly suggests that alterations of effective P i (54, 64, 65, 66, 83) . In contrast, at 5ºC, when autonomic cardiac control is severely blunted (30), the negative effects of cellular perturbations on cardiac performance likely predominate.
The decreased pH i during prolonged anoxia is a potential candidate for mediating the depression of anoxic cardiac performance at 5ºC. For mammalian hearts, it is well established that acidosis negatively affects cardiac chronotopy and inotropy. The negative chronotropic effects arise from the direct effect of protons on sinoatrial (60. 61) and atrioventricular node electrophysiology (13). The negative inotropic effects result from the inhibitory effect of protons on the numerous proteins involved in Ca 2+ cycling, as well as on the sensitivity of troponin C to Ca 2+ (reviewed by 52, 82). For the turtle myocardium, acidosis has been shown to slow the maximum rate of force development during contraction in warm-acclimated hearts (64, 65) and reduce twitch force in coldacclimated hearts (54) . Thus, it is highly probable that decreased pH i contributes to the anoxic cardiac downregulation at 5ºC via negative inotropic effects. In contrast, other findings suggest that reduced pH i may not be important in reducing f H of 5ºC anoxic turtles. This is because cold-acclimation appears to precondition the turtle heart and improve its chronotropic tolerance to anoxia and the accompanying acidosis (66 The elevation of unbound effective P i 2-during prolonged anoxia at 5ºC could also depress cardiac activity. In mammals, elevated P i diminishes the fraction of activated actin-myosin cross-bridges, reduces the calcium sensitivity of troponin C (22, 56) and has been argued to be the major determinant of hypoxic contractile failure (6, 16, 26, 81).
Likewise, contraction force and calcium sensitivity of turtle atrial tissue at high temperature decreases with increased P i (39). However, increased ADP concentration counteracts the negative inotropic effects of P i (39). In the present study, normoxic myocardial ADP f was 3-fold greater at 5ºC than at 21ºC ( Table 1 ). The elevated ADP f could perhaps serve as a preparatory defence strategy to counteract the inevitable accumulation of P i associated with the utilization of the large PCr store during winter anoxia. Furthermore, the negative effects of P i on the turtle myocardium will also be counteracted by the intracellular acidosis that would protonate some of the accumulating
The strong correlations between dG/dξ and f H and dG/dξ aortic blood flow during prolonged anoxia at 5ºC suggests dG/dξ influences cardiac performance ( Fig. 6C and F 
Anoxic cardiac energetic status
Beyond describing the temporal relationship between cardiac high-energy phosphate metabolism and performance, the magnitude and time-course of change in myocardial high-energy phosphates, pH i and dG/dξ during anoxia lead to three inferences of turtle anoxic cardiac energetics. anoxic channel arrest does not seem to occur (70, 71) . Ventricular β-adrenergic receptor density, nevertheless, is down-regulated in anoxia, rendering their heart less sensitive to adrenergic stimulation (30, 66) in spite of the very high levels of circulating catecholamines (43). In mammalian hearts, inotropic agents increase performance and counteract cardiac failure during hypoxia. However, by augmenting cardiac energetic costs they ultimately increase, rather than decrease, heart failure mortality (33). Thus, the blunting of autonomic control in cold-acclimated turtles may be critical to conserving energy.
Secondly, our data reveal that the creatine kinase equilibrium played an important role in supplying ATP during early phases of anoxia at both temperatures. As shown previously for anoxic turtle heart and brain (38, 76, 79, 80) , the reduction of PCr during anoxia was mirrored by a rise of total P i (Figs. 4 and 5) . In this regard, the higher content of PCr at 5ºC in normoxia may be a preparatory response for winter hibernation. On the other hand, depletion of a large PCr store would increase P i , which may reduce contractility (39), but, as discussed above, cold turtles appear to have strategies to counteract increased P i 2-during prolonged anoxia. Likewise, the greater abundance of PME and PDE at 5ºC than 21ºC in normoxia (Table 1 ) may also be a preparatory response for winter anoxia. PDEs are greater in hearts of anoxia-tolerant turtles compared to anoxia-intolerant species and their lysophospholipase inhibitory function has been hypothesized to be important for tolerance to anoxia and ischemia (78) .
The third inference relates to important similarities and differences between temperatures. In some regards, the changes in high-energy phosphate metabolism were very similar between temperatures when a Q 10 of 2-3 is taken into consideration ( Table   2 ). ATP and pH i , for example, were altered by identical amounts after ~3 h of anoxia at 21ºC and 9 h of anoxia at 5ºC. However, P i increased, while PCr and dG/dξ decreased, faster at 21ºC compared to 5ºC. This situation likely arises because the turtle heart exhibits inverse thermal acclimation; a phenomenon where physiological processes not only passively decrease with cold temperature, but are additionally actively downregulated to further minimize ATP consumption (28). Thus, cold acclimation induces an active depression of cardiac activity that both decreases ATP demand for mechanical work (28, 29, 67, 69) and extensively modifies the electrophysiology, which may further reduce energetic costs (70) . Consequently, cold-acclimated turtle hearts are apparently primed to function under low energy conditions, which may translate to smaller reductions of PCr and dG/dξ and lesser accumulation of P i at 5ºC. Despite this coldinduced metabolic preparation, cardiac ATP was reset to 50% of the normoxic value by the 3 rd day of anoxia at 5ºC and remained at this level for a further 8 days (Fig. 4H ). This finding clearly signifies that cardiac ATP does not have to be maintained at control normoxic levels for successful and prolonged anoxia survival.
Perspectives and significance
In 1929 the Danish physiologist and Nobel Laureate August Krogh wrote, "For such a large number of problems there will be some animal of choice or a few such animals on which it can be most conveniently studied" (45 initially disrupted with the onset of anoxia, energetic status is relatively rapidly reset to a new, reduced steady state during prolonged anoxia exposure at both high and low temperature. Again, the detection of such a phenomenon was only possible because of our choice of study species. Combined, these findings stress the worthiness of the comparative approach to important physiological questions of basic and biomedical importance. Anoxia-related diseases such as stroke and heart infarction are major causes of death, and invaluable insights could be gained by deciphering how the champions of vertebrate anoxia tolerance (i.e., the freshwater turtle and the crucain carp, Carassius carassius, which possess the unique ability to retain normal cardiac performance during prolonged anoxia; 68) have solved the problem of living long term without oxygen.
Further, the role of autonomic control clearly needs to be investigated in whether it overrides the relationship between cellular energy status and cellular performance in mammals in similar ways as it does in turtles. Future examination is also needed to determine if the correlation between cardiac performance and energetic status persists upon reoxygenation. of anoxia exposure. PME, phosphomonoester; P i , inorganic phosphate; PDE, phosphodiester; PCr, phosphocreatine; α-, β-and γ-ATP correspond to the three phosphates of ATP; α-and β-ADP correspond to the two phosphates of ADP. Heart rate (min Heart rate (min 
Fig. 6
Free energy of ATP hydrolysis (dG/dξ, kJ mol Heart rate (min Units are kJ mol -1 for dG/dξ, µmol g -1 for ATP, PCr, total P i , effective P i 2-, ADP f , PME and PDE and nmol g -1 for AMP f .
Significant differences (P <0.05) between 21°C and 5°C Normoxia values are indicated with ‡ .
Significant differences (P <0.05) between Normoxia and Anoxia at each acclimation temperature are indicated with an asterisk. ATP: adenosine triphosphate; PCr; phosphocreatine; pH i : intracellular pH; P i : inorganic phosphate; dG/dξ: free energy of ATP hydrolysis; ADP f : free adenosine diphosphate; AMP f : free adenosine monophosphate; PME: phosphomonoester; PDE: phosphodiester Magnitudes of change were calculated between normoxic values and those at the indicated time points of anoxia exposure. 9 h of anoxia exposure at 5°C is assumed to be temporally equivalent (assuming a Q 10 of 2) to the 2.85 h anoxia exposure duration at 21°C (see text for details). ATP: adenosine triphosphate; PCr; phosphocreatine; pH i : intracellular pH; P i : inorganic phosphate; dG/dξ: free energy of ATP hydrolysis
